Binary SnO-P2O5 (SP) glasses with 52-72 SnO mol% were examined. Glass transition temperature, density, refractive index and absorption edge were studied for transparent SP glasses. The structure of SP glasses was evaluated by FT/IR and Raman spectroscopy. The water durability was investigated by weight loss and Raman spectroscopy for SP glass samples immersed in distilled water at 30-70°C. Raman spectra indicated in the immersion test that Q 1 units form and Q 2 units decrease as a result of water attack upon the phosphate chains with increasing immersion time in 62SnO·38P2O5 glass and no structural change was observed in 72SnO·28P2O5 glass. The relationship between the properties and glass structure with chemical bonding is discussed.
Introduction
In recent years, phosphate glass systems have been developed for numerous applications instead of lead glasses. The phosphate glasses, e.g., barium, calcium, tin, zinc and sodium phosphate glasses, have features of low melting temperature, low glass transition temperature and high thermal expansion coefficient.
1)-7)
However, the poor chemical durability of the phosphate glasses makes them unsuitable for many cormmercial applications. In order to overcome the poor durability, various studies on the dissolution behavior of phosphate glasses have been reported. 4 ),8), 9) In the case of zinc phosphate glasses, the compositional dependence of dissolution process was reported by Takebe et al. 8) However, there are few reports on the compositional dependence of chemical durability in SnO-P2O5 (SP) glasses.
In this study, the physical properties of SP glasses with various SnO concentrations were studied and the compositional dependence of phosphate network structure was evaluated by FT/IR and Raman spectroscopy. The correlaltion of dissolution behavior with glass structure and chemical bonding was also studied by weight loss and Raman spectroscopy for samples immersed in water with various temperatures.
Experimental procedure

Sample preparation
Compositions studied are based on the general formula xSnO -(100-x) P2O5, where x = 52, 57, 62, 67 and 72 mol%. The SnO and P2O5 batches with 10 g in weight were mixed in a dry N2-filled glove box. After mixing, the batch placed in a vitreous carbon crucible was heated at ~350°C to reduce the water concentration. After calcining at this temperature, the batch was melted at 950°C for 1 h under Ar flow in silica tube to inhibit the oxidation of Sn 2+ to Sn 4+ . 1),10) There was no evaporation from melt samples macroscopically. The glass melt was poured onto a carbon mold and annealed at the glass transition temperature.
Evaluation
The glass transition temperature Tg was determined using a thermomechanical analyzer (Thermo Plus, TMA8310, Rigaku, Japan) with a heating rate of 10°C/min using a silica rod as a standard sample. The error range of measured Tg was within ± 5°C due to the selection of the inflection point in the data. The density was determined by the Archimedes method using kerosene as an immersion liquid. At least three samples for each composition were used and the average values were reported. The estimated uncertainty of measured density was ± 0.005 g/cm 3 . The refractive indexes of SP glasses were measured using an Abbe refractometer (Atago, 4T) with an immersion liquid (nD = 1.8). At least three samples were used for each glass composition. Measurements were accurated within ± 0.0005. To evaluate the dispersion characteristic, the Abbe number vD = (nD-1)/(nFnC) was determined, where nD, nF and nC are refractive indexes at 0.589 μm (Na D-line), 0.4861 μm (H2 F-line) and 0.656 μm (H2 C-line), respectively. Optical transmission spectra were evaluated in the range of 280-3200 nm for transparent glass plates with 1.0 mm thick.
Infrared spectra of glass sample plates were measured using an infrared spectrophotometer (IR-440, Shimadzu) to determine the OH content in the range of 500-5000 cm -1 . The OH content was determined by the Eq. IR spectroscopy was performed using an infrared spectometer (FT/IR-550, JASCO) in the range of 400-4000 cm -1 at room temperature. Sample pellets were prepared for FT/IR measurements by the 20 mg glass sample powder mixed with the 200 mg KBr powder and then compressing the mixtures to form thin pellets for the measurements.
Raman spectra of SP glasses were measured using a Raman spectrophotometer (NRS-2100, JASCO) using the 514.5 nm line of an Ar + laser as the exciting beam. The laser power was adjusted to 100 mW.
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The immersion test was carried out by the MCC-1 static leaching method.
12) The prepared sample with 10 mm × 10 mm × 1 mm was suspended by Teflon thread in a Teflon beaker with a Teflon lid and immersed in distilled water with 2 × 10 -4 m 3 at pH = 6.1-6.8. The sample was held at 30-70°C for up to 72 h. After immersing, the sample was cleaned with acetone and dried for evaluations. The leaching weight per unit area of each sample, weight loss, was calculated from the Eq. of ΔW/S, where ΔW is the measured weight change in kilograms and S is the surface area in mm 2 . Three samples for each composition were measured.
Results
According to the results of IR transmission spectra, the OH content in SP glasses was in the range of 30-100 ppm. The OH content was independent of SnO concentration. It was considered that there was no effect of the OH content on the compositional dependence of following physical properties. Table 1 summarizes the glass trassition temperature Tg, density ρ, moral volume, refractive index nD at 589 nm and Abbe number vD of xSnO -(100-x) P2O5 glasses where x = 52, 57, 62, 67 and 72 mol%. The data of glass trassition temperature, 1),2),13), 14) density 1), 14) and refractive index 1), 14) show similar tendencies with values reported previously. Figure 1 shows the variation of nD with SnO concentration.
Properties
All the glasses exhibit relatively high nD over 1.70 and nD increases linearly with increasing SnO concentration. The refractive index of 72SnO·28P2O5 glass has over 1.80. SP glasses have higher refractive index and higher dispersion than P2O5-RO (PSKS) and P2O5-RO-R2O (PKS) commercial glasses. 15) Moreover, SP glasses show the similar refractive index but lower dispersion in comparison to TiO2-P2O5 glasses. 16 ) Figure 2 shows optical transmission spectra of SP glasses in the UV range. The absorption edge estimated from an absorbance of 1, which is a similar definition of Shelby, 17) increased with increasing SnO concentration (See the inset of Fig. 2 ). The SP glasses had a high transmittance of > 80% in the visible and IR region of 410-2800 nm. Figure 3 shows FT/IR spectra of SP glass samples having similar absorption bands of ZnO-P2O5 glasses.
Structure
18) The arrows are guides for the absorption bands. The strong bands at 1200-1250 cm -1 range are ascribed to asymmetric stretching vibrations vas(PO2) of nonbridging oxygen in Q 2 tetrahedral units, whereas another bands at 1080-1110 cm -1 range are ascribed to the symmetrical strecting vibration vas(PO3). Another broad bands at 980-1050 cm -1 are assigned to the symmetric stretching vibration vs(PO3) of nonbridging oxygen and those at 888-922 cm -1 belong to the asymmetric vibration vas(P-O-P) of bridging oxygen in Q 1 tetrahedral units. Weaker bands in the 700-750 cm -1 range are assigned to symmetric stretching vibrations vs(P- 
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O-P) of bridging oxygen. When SnO concentration increased, the decrease of vas(PO2) mode in Q 2 tetrahedral units and the increase of vas(P-O-P) mode in Q 1 tetrahedral units were observed. Figure 4 shows Raman spectra of SP glasses in the composition range of 52-72 SnO mol%. Raman spectra of SP glasses qualitatively agree with data in a previous study.
2) The PO4 tetrahedral unit was changed from Q 2 to Q 1 when SnO concentration was increased, where i in Q i represent the number of bridging oxygen per phosphate tetrahedron. , pyrophosphate (Q 1 ) and orthophosphate (Q 0 ), respectively. The 1100 cm -1 Raman band is due to the P-O stretching mode of Q 1 chain terminator. The bands at 650-750 cm -1 are due to P-O-P (bridging oxygen) stretching modes. Figure 5 shows the relationship between weight loss and SnO concentration in SP glass samples immersed at 30, 50 and 70°C for 72 h. The results of ZnO-P2O5 glasses at 70°C are shown for comparision. 8) The weight loss decreases with increasing SnO concentration for all immersed temperatures. The water durability of SP glasses is worse than ZnO-P2O5 glasses at > 60 ZnO mol%. Figure 6 shows variations of weight loss with immersion time in 62SnO·38P2O5 and 72SnO·28P2O5 glasses at 70°C as representative compositions. The weight loss increases linearly with time in 62SnO·38P2O5 glasses. The 72SnO·28P2O5 glass also shows a gradual increase until 3 h and the weight loss increases slightly after 72 h. Figure 7 shows Raman spectra of (a) 62SnO·38P2O5 and (b) 72SnO·28P2O5 glasses with various immersion times. In the 62SnO·38P2O5 glasses, the relative intensity of the 1100 cm -1 Raman bands due to the Q 1 chain terminator decreases and that of the 1050 cm -1 Raman bands due to the Q 1 units increases with immersion time. However, the result of Raman spectra indicates that the structure of the 72SnO·28P2O5 glass has no changes after the immersion test. 
Water durability
Discussion
Relation between properties and structure
The colorless, transparent SP glasses 1) have lower Tg (< 300°C) than other phosphate glasses 7), 19) ), packing density of glass, and so on. However, the existence of Sn 2+ was only considered because we used the similar experimental procedure of Bekaert et al. for tin phosphate glasses.
13) Bekaert et al. have reported that the amount of Sn 4+ is always low (< 5%) under argon atmosphere and it decreases from 5% to 1% for the highest Sn content. With increasing SnO concentration, the density and molar volume of SP glasses increased (Table 1 ) and the Sn-O-P bonds replaced the P-O-P bonds. 20) Especially, it is considered that the Sn-O-P bonds are stronger than the P-O-P bonds and therefore the strengthening of the phosphate network linkage becomes one of the reason of Tg increase.
The density increases monotonously with increasing SnO concentration ( Table 1) . The density depends strongly on SnO concentration in SP glasses and this trend is attributed to the large molar weight of SnO. The 52SnO·48P2O5 glass exhibits high nD over 1.70 and the refractive index of 72SnO·28P2O5 glass is over 1.8. The refractive index is determined not only by the polarizability but also molar volume. Actually, The refractive index increases with decreasing molar volume, and thus denser structure. However, the result of molar volume concludes that the increase of SnO concentration contributes to the decrease of ionic packing. On the other hand, the larger the polarizability of Sn 2+ ions, the larger its contribution to molar refraction, which at the same time means a larger contribution to the index of refraction. The increase of the refractive index indicated in Table  1 is related to the increase of molar refraction due to Sn 2+ ions.
Dissolution behavior
The fractions of Q 1 and Q 2 chain units coexist in the 1100 cm -1 Raman bands assigned to the Q 1 chain terminator. The result of Raman spectroscopy (Fig. 7) From the consideration about the structure of inter-linked PO4 tetrahedra units, Wazer et al. 22) have reported, it appears that a chelate ring might be completed between any two adjacent PO4 tetrahedra. Also the phosphate glasses made up of long chain polymeric phosphate anions which are connected to one another by ionic bonds to the modifier cations. For such a structure, it is evident that divalent cations such Ca 2+ , Mg 2+ can serve as ionic cross-links between the non-bridging oxygen of two different chains and the divalent cations could take the form of the metal chelate structure.
9) The modifiers with large ionic radii, e.g., Ba 2+ , Sr 2+ , have relatively-weaker cation field strengths (Fig. 8) . This condition results in the decrease of the asymmetric feature of NBO and the low polarizability of the opposite NBO in the PO4 tetrahedral unit. The low polarizability of the opposite NBO interacts weakly with the H2O molecule and results in good water durability in alkaline-earth phosphate glasses. 9) In the case of SP glasses, SP glasses with 52-62 SnO mol% have poor durability due to the strong cation field strength of Sn 2+ with a small ionic radius. However, owing to the effect of Sn-O-P bonds which replaces P-O-P bonds and the structural change of PO4 Fig. 7 . Raman spectra of (a) 62SnO·38P2O5 and (b) 72SnO·28P2O5 glasses as prepared and immersed in distilled water at 70°C. The dot lines are guides to the eye. Fig. 8 . Schematic reaction models between non-bridging oxygen sites and H2O. 23) The arrows indicate the relative affinity between atoms.
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tetrahedra units from Q 2 to Q 1 , the chemical durability becomes better with increasing SnO concentration.
Conclusion
The binary SP glasses with 52-72 SnO mol% show lower glass transition temperatures (< 280°C) and higher refractive indexes nD (> 1.7) than other binary phosphate glasses. All the properties of glass transition temperature, density and refractive index increased with increasing SnO concentration. Raman spectra of SP glasses indicated in the immersion test that the fraction of Q 1 units increases in the 62SnO·38P2O5 glass and there are no structural changes in the 72SnO·28P2O5 glass after the immersion test. The 72SnO·28P2O5 glass with the highest SnO concentration in this work shows the best water durability in the SP glasses.
